The current view of the midbrain dopaminergic system is evolving towards a complex system of subpopulations of neurons with distinct afferent and efferent connections and, importantly, functionally different intrinsic characteristics. Recent literature on the phenotypic diversity of dopaminergic neurons has outlined that in the ventral tegmental area dopaminergic neurons are not as anatomically or electrophysiologically homogeneous as they were once thought to be. Instead, the midbrain dopaminergic system is now understood to be composed of anatomically and functionally heterogeneous dopaminergic subpopulations receiving specific afferent inputs and with different axonal projections. An additional layer of complexity is the neuromodulation of each of these dopaminergic circuits. This review will examine the distinguishing electrophysiological and neuromodulatory characteristics of the afferent and efferent connections of midbrain dopaminergic neurons.
Introduction
The ventral tegmental area (VTA) is located in the midbrain, along the midline, and serves a central role in motivation and reward seeking. The mesocorticolimbic dopaminergic system consists of A10 dopaminergic neurons and their long-range projections from the VTA to the nucleus accumbens (NAc), the amygdala, the hippocampus and the prefrontal cortex (Morales and Margolis, 2017) . Firing of A10 dopaminergic neurons is associated with cues predicting the availability of highly motivating, rewarding stimuli such as food, addictive drugs and sexual opportunity (Schultz, 2013) . However, these neurons are also activated in response to stimuli with negative valence (Ungless, 2004; BrombergMartin et al., 2010) . Although dopaminergic neurons are the dominant cell type in the VTA, local inhibitory GABA-containing neurons and long-range projecting GABAergic and glutamatergic neurons contribute to the cell type diversity within the region (Omelchenko and Sesack, 2009; Hnasko et al., 2012; Margolis et al., 2012; Anderegg et al., 2015) . Dopamine, GABA and glutamate cell types are determined at the embryonic stage, and each population has distinct electrophysiological properties, input and output connectivity and neurotransmitter content (Anderegg et al., 2015; Morales and Margolis, 2017) . Adding to the phenotypic diversity of the VTA, there is evidence that dopaminergic neurons corelease multiple neurotransmitters at specialized release sites in this region (El Mestikawy et al., 2011; Tritsch et al., 2016) . Finally, because dopaminergic neurons receive diverse neuromodulatory inputs, some of which have circuit-specific pharmacological profiles, functional and behavioural diversity may also arise from neuromodulation.
Heterogeneity in the intrinsic properties of dopaminergic neurons
Work in the 80s and 90s outlined conventional physiological, pharmacological and immunohistochemical criteria for the identification of VTA neurons, defining a group of primary, secondary and tertiary VTA neurons, most of which were dopaminergic (Grace and Onn, 1989; Cameron et al., 1997) . Following these studies, most ex vivo, electrophysiological studies considered VTA dopaminergic neurons to be a single population and used widely accepted identification criteria such as broad action potentials, low frequency pacemaker activity, hyperpolarization via D 2 receptor signalling and most notably, the presence of the hyperpolarizationactivated cyclic nucleotide-gated cation current (I h ) (Lacey et al., 1989; Johnson and North, 1992) . However, the presence of I h has been shown to be an inconsistent marker for all VTA dopaminergic neurons as many cells that do not express I h contain tyrosine hydroxylase, a marker of dopaminergic neurons (Margolis et al., 2006b) . Further studies have demonstrated that the expression of I h varies in different subpopulations of VTA dopaminergic neurons that have different projection targets (Ford et al., 2006; Margolis et al., 2006b; Lammel et al., 2008; Baimel et al., 2017) . Interestingly, subsets of dopaminergic neurons that share similar properties tend to be concentrated within particular subregions of the VTA (Lammel et al., 2008; Zhang et al., 2010; Baimel et al., 2017) . For example, VTA dopaminergic neurons identified with a large I h tend to be located at the most lateral portion of the VTA, furthest from the midline (Lammel et al., 2008 (Lammel et al., , 2012 Baimel et al., 2017) , and thus, many previous studies have focused solely on this population of neurons within this subregion of the VTA (Borgland et al., 2006; Wanat et al., 2008) . By overlooking other subregions within the VTA, possible differences in the modulation of dopaminergic neurons with distinct electrophysiological profiles may have been missed. Indeed, original studies that examined the effects of cocaine exposure on excitatory synaptic transmission focused on I h + neurons (Ungless et al., 2001; Borgland et al., 2004) ; however, recent studies have demonstrated that cocaine potentiates excitatory synaptic transmission in both I h + and I h À dopaminergic neurons and that this effect largely depends on projection target (Lammel et al., 2011) . For example, dopaminergic neurons that project to the medial shell of the nucleus accumbens (mAcbSh) exhibit increased excitatory synaptic strengthening, as measured by an increased AMPA receptor/NMDA receptor ratio, after exposure to cocaine in vivo (Lammel et al., 2011) . In contrast, dopaminergic neurons that project to the medial prefrontal cortex (mPFC) have an increased AMPA receptor/NMDA receptor ratio after exposure to an aversive foot shock, and lateral shell of the nucleus accumbens (lAcbSh) projections have enhanced synaptic strength after exposure to both aversive and appetitive stimuli (Lammel et al., 2011) .
The projection target of dopaminergic neurons appears to be the key characteristic that defines the intrinsic properties of these neurons. In general, a large I h is most likely to occur in lAcbSh-projecting dopaminergic neurons, whereas in mAcbSh-, mPFC-or basolateral amygdala (BLA)-projecting dopaminergic neurons the expression of I h is smaller or absent (Lammel et al., 2008; Baimel et al., 2017) . However, other studies have demonstrated a significant I h in mPFC-projecting dopaminergic neurons in rats (Margolis et al., 2006b ) and in BLA-projecting dopaminergic neurons in DBA/2J mice (Ford et al., 2006) , suggesting there may be species and strain diversity. The properties of I h currents in different populations of VTA dopaminergic neurons are outlined in Table 1 .
Similarly, action potential characteristics also differ between subpopulations of dopaminergic neurons. LAcbShprojecting dopaminergic neurons typically have increased action potential height and more hyperpolarized after hyperpolarization potentials (AHPs) compared to dopaminergic neurons with projections to the mAcbSh, BLA and NAc core (Lammel et al., 2008; Baimel et al., 2017) . LAcbSh-projecting dopaminergic neurons also have a lower spontaneous firing rate and are less excitable in response to depolarizing current steps. In contrast, mAcbSh-, mPFC-and BLA-projecting dopaminergic neurons have a significantly higher firing frequency and wider action potentials (Lammel et al., 2008; Baimel et al., 2017) . Taken together, dopaminergic neurons, when identified by projection target, have distinct electrophysiological properties.
Heterogeneity in the afferent and efferent connectivity of dopaminergic neurons
Recent methodological advances in viral trans-synaptic tracing have enabled the mapping and identification of neurons that make synapses onto different VTA cellular populations (Beier et al., 2015) . The VTA receives both excitatory and inhibitory inputs from a broad distribution of brain areas, and an important area of ongoing research is the mapping of anatomical connectivity and behavioural relevance of different afferents to the VTA. Excitatory inputs to the VTA dopaminergic neurons include the mPFC, lateral dorsal tegmentum (LDT), lateral habenula (LHb), peduncal pontine nucleus, mPFC and bed nucleus of the stria terminalis (BNST) (Morales and Margolis, 2017) . The dorsal raphe (DR), lateral hypothalamus (LH) and the periaqueductal grey (PAG) send both excitatory and inhibitory projections to VTA dopaminergic neurons. Furthermore, VTA dopaminergic neurons receive inhibitory inputs from the ventral pallidum and rostral medial tegmentum (RMTg) (Morales and Margolis, 2017) . GABAergic neurons of the VTA receive inhibitory input from the NAc, excitatory input from the LHb and both inhibitory and excitatory projections from the BNST, DR, BNST, PAG and LH (Morales and Margolis, 2017) . GABAergic neurons of the VTA receive proportionally more inputs from the anterior cortex and central amygdala, whereas VTA dopaminergic neurons receive more inputs from the paraventricular hypothalamus and the LH (Beier et al., 2015) . However, the overall distribution across most inputs is very similar for VTA dopaminergic and GABAergic neurons, with the densest inputs being from the DR (Beier et al., 2015) . DR inputs mainly target dopaminergic neurons that project to the amygdala, mPFC and mAcbSh (Beier et al., 2015) .
The majority of VTA dopaminergic neurons have nonoverlapping projections (Albanese and Minciacchi, 1983; Beier et al., 2015; Baimel et al., 2017) . Dopaminergic neurons which project to the lAcbSh are predominately located in ventro-lateral posterior and anterior parabrachial nucleus of the VTA (Ikemoto, 2007; Lammel et al., 2008; Hnasko et al., 2012) and are completely excluded from the perinigral portion of the VTA. In contrast, dopaminergic neurons in the medial posterior perinigral VTA selectively project to the mAcbSh, NAc core, mPFC and BLA (Lammel et al., 2008; Hnasko et al., 2012; Baimel et al., 2017) .
Earlier work demonstrated that dopaminergic neurons can be classified into 'salience coding' and 'value coding' depending on whether or not they altered their firing to noxious stimuli (Matsumoto and Hikosaka, 2009; BrombergMartin et al., 2010) . Those dopaminergic neurons that inhibited their firing to foot shocks are more likely to be involved in value learning and reward-seeking, whereas dopaminergic neurons that are excited by foot shocks are involved in general motivation, cognitive processing and orienting the animal (Bromberg-Martin et al., 2010) . The different responses of these populations of dopaminergic neurons are probably due to their input and output connectivity. Stimulation of the LDT promotes burst firing of "typical" VTA dopaminergic neurons, as identified by waveform characteristics (Lodge and Grace, 2006) . LDT neurons preferentially synapse on and evoke excitatory synaptic currents in dopaminergic neurons that project to the lAcbSh (Lammel et al., 2012) . Dopaminergic neurons projecting to the mPFC receive GABAergic synapses from LDT afferents (Omelchenko and Sesack, 2005) . When LDT inputs to the VTA are stimulated, mice exhibit a conditioned place Table 1 Hyperpolarizing cation current (I h ) in subpopulations of dopaminergic neurons in the VTA based on projection targets Neuromodulation of VTA neuronal subpopulations preference (Lammel et al., 2012) . In contrast, dopaminergic neurons that are inhibited by aversive stimuli or negative prediction errors receive indirect input from the LHb, and stimulation of the LHb suppresses the firing of dopaminergic neurons (Matsumoto and Hikosaka, 2007; Bromberg-Martin et al., 2010) . LHb neurons send projections to the medial VTA and synapse with dopaminergic neurons that project to the mPFC (Lammel et al., 2012) . Optogenetic stimulation of LHb inputs to the VTA elicits a conditioned place aversion (Lammel et al., 2012) . LHb terminal stimulation in the VTA evokes synaptic currents on dopaminergic neurons that preferentially project to the mPFC. LHb stimulation also evokes synaptic currents in RMTg GABAergic neurons, but not within the NAc or the substantia nigra (Lammel et al., 2012) . Taken together, discrete cell populations in the VTA have distinct roles in aversion, reward learning and other behaviours, suggesting that the behavioural heterogeneity of the VTA is mediated by different subpopulations of VTA dopaminergic neurons (Lammel et al., 2014; Margolis et al., 2006b; Ikemoto, 2007; Lammel et al., 2011; Morales and Margolis, 2017) . A subset of VTA neurons co-release dopamine with glutamate at terminals in the NAc, but not the dorsal striatum Stuber et al., 2010; El Mestikawy et al., 2011) . Optically stimulating the VTA-NAc input expressing vesicular glutamate transporter 2 (VGLUT2) and tyrosine hydroxylase induces a fast excitatory synaptic response (Stuber et al., 2010; Wang et al., 2017) . However, when VGLUT2 is conditionally knocked out of this projection, even though the fast excitatory response is absent, the ability to acquire conditioned reinforcement is not altered (Wang et al., 2017) . In addition to glutamate co-transmission, there is also evidence that dopaminergic neurons can co-release GABA to elicit inhibitory synaptic responses onto medium spiny neurons of the NAc and dorsal striatum (Tritsch et al., 2012) . This effect is due to the reuptake of GABA through the GABA transporter in dopaminergic terminals, rather than de novo synthesis of GABA in dopaminergic neurons (Tritsch et al., 2014) . This atypical mechanism of neurotransmitter co-release may give neurons flexibility and terminal specificity in controlling inhibitory synaptic transmission at discrete sites along axonal arbours (Tritsch et al., 2016) . However, the behavioural implication of GABAergic co-transmission of dopaminergic neurons has not been clearly identified.
Non-dopaminergic neurons of the VTA also mediate distinct behavioural responses. Most VGLUT2-expressing VTA neurons do not express dopamine. These are located in the medial VTA and project to the NAc, LHb, ventral pallidum and amygdala (Hnasko et al., 2012) . Interestingly, VTA neurons that innervate the LHb co-express markers for both glutamate (VGLUT2) and GABA (GAD and vGAT) and can both excite and inhibit LHb neurons (Root et al., 2014b) . Optogenetic activation of VTA VGLUT2-expressing terminals in the LHb induces a conditioned place aversion (Root et al., 2014a) . Glutamatergic neurons of the VTA can also drive aversive behaviour though their projection to the NAc, such that they inhibit the activity of medium spiny neurons through feed-forward inhibition via connections with parvalbumin-containing interneurons in the NAc (Qi et al., 2016) . Thus, subpopulations of VTA neurons integrate information and convey this to functionally specific target sites, creating microcircuits that may underlie distinct behaviours.
Neuromodulation of VTA subpopulations by opioid and hypocretin neuropeptides
Neuromodulators, including neuropeptides, act at synapses to alter both pre-and post-synaptic kinetics and signalling. Thus, synaptic plasticity in the VTA can be gated, strengthened or inhibited by various neuromodulators. So far, we have reviewed how anatomical location, projection target and electrophysiological characteristics contribute to the heterogeneity of VTA dopaminergic neurons and their ability to influence different behaviours. Another layer of complexity is how neuromodulators alter the activity and the output of different subpopulations of VTA neurons.
The opioid neuropeptides, dynorphin (A and B) and [Met]enkephalin, are widely distributed in the brain and are the endogenous ligands for the opioid κ receptor and μ receptor respectively. Both opioid receptors are coupled to G i /G o proteins and inhibit neural firing activity by activating G-protein inwardly coupled potassium channels (K ir 3.1) and inhibiting voltage-gated calcium channels to decrease neurotransmitter release (Al-Hasani and Bruchas, 2011). However, dynorphin also binds with low affinity to both μ receptors and δ receptors (Zhang et al., 1998b) . In addition to rapid effects on ion channel modulation, opioid receptor activation can induce slower effects on other signal transduction pathways, including MAPK activation. Both μ and κ receptor stimulation can activate ERK1/2 within 5-10 min; however, κ receptor stimulation can also induce an arrestin-dependent late phase of ERK1/2 activation (Belcheva et al., 1998; 2005; McLennan et al., 2008) .
Local microinfusion of μ receptor agonists to the VTA produces a conditioned place preference (Bozarth and Wise, 1984) and infusion in the NAc induces affective hedonic responses (Smith and Berridge, 2007) and enhanced feeding of palatable food (Zhang et al., 1998a) suggesting μ receptor activation in the VTA is necessary for positive reinforcement. The μ receptor agonists primarily exert their effects on dopaminergic neurons via a presynaptic action on GABAergic afferents to the VTA (Steffensen et al., 2006; Chieng et al., 2011; Hjelmstad et al., 2013; Matsui et al., 2014) , although postsynaptic effects have also been reported in some cells (Margolis et al., 2014 ; but see associated e-letters). The μ receptor agonists that act on RMTg afferents induce the strongest inhibition of GABAergic synaptic transmission onto VTA dopaminergic neurons compared to μ receptor activation at local interneurons or inputs from the NAc (Matsui et al., 2014) . The μ receptor-mediated inhibition of NAc inputs compared with ventral pallidal inputs to the VTA may have opposing actions on the output of dopaminergic neurons. Inhibitory inputs from the NAc that are sensitive to opioids primarily synapse onto non-dopaminergic neurons (Xia et al., 2011) , and therefore, inhibition of μ receptors at NAc terminals in the VTA might indirectly inhibit dopaminergic neurons by disinhibiting their GABAergic inputs. In contrast, μ receptor activation inhibits ventral pallidal afferents onto dopaminergic neurons (Hjelmstad et al., 2013) , which would probably disinhibit dopaminergic neurons resulting in an increase in their activity. Given that RMTg afferents are one of the largest inhibitory inputs to the VTA and μ receptor-mediated inhibition of these terminals appears to be greater than that on other inputs to the VTA, the net effect of a μ receptor agonist in the VTA is likely to be the disinhibition of dopaminergic neurons, an effect that would lead to increased reward-seeking behaviour. Future studies could be directed at determining if the disinhibition of dopaminergic neurons is projection-specific. One can hypothesize that μ receptor-mediated disinhibited dopaminergic neurons project to the NAc as opposed to mPFC, which would have greater reward-seeking effects as opposed to aversive effects (as discussed above).
The κ receptor agonists induce place aversion, depressionlike behaviour and dysphoria in both humans and animals (Mucha and Herz, 1985; Pfeiffer et al., 1986; Shippenberg et al., 2007) . Dynorphin, the endogenous agonist for κ receptors, is expressed in the substantia nigra, in hypocretin 1 and 2 (also known as orexin A and B)-containing cells of the LH, the prefrontal cortex, the ventral and dorsal striatum and the central amygdala (Watson et al., 1982; Weber et al., 1982; Ramsdell and Meador-Woodruff, 1993; Healy and Meador-Woodruff, 1994; Chou et al., 2001) . The ventral striatum makes significant projections to the VTA and would presumably supply the largest dynorphin input to the VTA (Shippenberg et al., 2001) . However, while administration of a κ receptor agonist into the VTA induces conditioned place aversion (Bals-Kubik et al., 1993) , it does not alter NAc dopamine levels (Spanagel et al., 1992; Margolis et al., 2006a) . The κ receptor agonists hyperpolarized rat VTA dopaminergic neurons that project to the mPFC, but not those that project to the NAc (Margolis et al., 2006a) . In contrast to these results, a κ receptor agonist was shown to hyperpolarize medial NAcprojecting dopaminergic neurons in mice, by evoking outward K ir 3.1 currents (Ford et al., 2006) . Consistent with the latter, we recently observed that dynorphin inhibits firing in the majority of mAcbSh-and BLA-projecting dopaminergic neurons and in a small subset of dopaminergic neurons that project to the lAcbSh (Baimel et al., 2017) . This discrepancy may reflect a species or age difference as Margolis et al. used pre-pubescent rats, whereas our study and that of Ford et al. used adult mice. Alternatively, Margolis et al. may have targeted a larger population of lAcbSh-projecting dopaminergic neurons which appear to respond less frequently to κ receptor agonists (Margolis et al., 2006a; Baimel et al., 2017) .
Previous work has shown that systemic or intra-VTA activation of κ receptors can block cocaine seeking behaviour (Zhang et al., 2004a, b; Muschamp et al., 2014) . Activation of κ receptors on dopaminergic somatodendrites, in addition to terminals in the NAc inhibits dopamine release (Ehrich et al., 2014) . Furthermore, κ receptor-mediated activation of dopaminergic neurons that project to the NAc core, but not NAc shell, inhibits cocaine-evoked dopamine release (Ehrich et al., 2014) . Thus, future studies should examine how κ receptor activation in the VTA projection to the NAc core contributes to reward seeking.
The LH makes another significant projection to the VTA. In the LH, dynorphin is almost exclusively expressed in orexinergic (hypocretin) neurons, and nearly all orexinergic neurons contain dynorphin at both the mRNA and protein level (Chou et al., 2001) . Hypocretin and dynorphin have opposing actions on cellular excitability. In the VTA, hypocretin binds primarily to G q -coupled receptors, OX 1 and OX 2 receptors (also known as HCRT1 and 2 receptors), and increases the firing rate of postsynaptic neurons, whereas dynorphin inhibits activity via the opening of K ir 3.1 channels. Nevertheless, recent evidence suggests that hypocretin and dynorphin are co-released and may act together to regulate arousal and other behaviours (Li and van den Pol, 2006; Muschamp et al., 2014) . Hypocretin and dynorphin co-localize in 94% of neurons in the LH and are found together within the Golgi apparatus, in axonal processes, and importantly in axonal terminals at asymmetric synapses, where both peptides are located in the same large vesicles (Muschamp et al., 2014) . Co-release of hypocretin and dynorphin onto neuropeptide Y neurons of the arcuate nucleus or histaminergic tuberomammillary neurons induces synergistic effects, such that hypocretin induces a postsynaptic increase in firing activity while dynorphin inhibits presynaptic GABA release onto these neurons (Eriksson et al., 2004; Li and van den Pol, 2006) . In the VTA, we previously reported that a subset of undefined dopaminergic neurons sensitive to both hypocretin and dynorphin, when individually applied, showed no net change in firing when these peptides were applied together (Muschamp et al., 2014) . In subsequent studies, we found that the actions of hypocretin and dynorphin in the VTA are more nuanced, such that hypocretin and dynorphin have distinct modulatory effects on the activity of projection-target defined VTA dopaminergic neurons (Baimel et al., 2017) . Dynorphin inhibited firing in the majority of mAcbSh-and BLA-projecting dopaminergic neurons, but only in a small subset of those that project to the lAcbSh. These findings are consistent with κ receptor agonists inducing outward G-protein coupled inwardly rectifying potassium channel (GIRK) currents in most medial NAcprojecting dopaminergic neurons (Ford et al., 2006) . However, while we demonstrated that most BLA-projecting dopaminergic neurons respond to dynorphin, Ford et al. (2006) indicated that only a very small subset responded to κ receptor agonists. Thus, there may be different subpopulations of dopaminergic neurons that project to the BLA. Indeed, BLAprojecting dopaminergic neurons recorded by Ford et al. (2006) had a large I h , whereas the population of κ receptor-responsive BLA-projecting dopaminergic neurons recorded by Baimel et al. (2017) had no significant I h . In contrast, hypocretin increased firing in lAcbSh-and mAcbSh-projecting dopaminergic neurons, but not in BLA-projecting dopaminergic neurons. Thus, the population of dopaminergic neurons that responded to both dynorphin and hypocretin, which resulted in no net change in firing rate (Muschamp et al., 2014) , were probably mAcbSh-projecting dopaminergic neurons. Given that mAcbSh-projecting dopaminergic neurons respond to both aversive and rewarding events (Lammel et al., 2011) , future experiments might test if hypocretin or dynorphin bias how these neurons respond in the presence of aversive or rewarding events. For example, during or after aversive events, dynorphin may have a net inhibitory effect on this dopaminergic projection.
The proposed role of hypocretin in the VTA is to enhance motivation for salient rewards (Borgland et al., 2009; Thompson and Borgland, 2011; Mahler et al., 2014) . Consistent with this, intra-VTA administration of an OX 1 receptor antagonist increases intracranial self-stimulation reward thresholds, decreases impulsive responding and decreases cocaine selfadministration. Interestingly, all of these effects are blocked by pretreatment with the κ receptor antagonist, norbinaltorphimine, which suggests that in the absence of hypocretin signalling, the inhibitory effects of dynorphin on motivated behaviour are unopposed (Muschamp et al., 2014) . This study found that (1) hypocretin and dynorphin are co-packaged in the same synaptic vesicles of hypothalamic neurons and thus probably co-released; (2) in neurons that respond to both the excitatory effects of hypocretin and the inhibitory effects of dynorphin on cellular firing, the net effect of co-application was that both peptides' actions were cancelled out; and (3) the opposing roles of hypocretin and dynorphin in drug and non-drug rewards are because of their effects in the VTA (Muschamp et al., 2014) . Thus, a key function of hypocretin in the VTA is to negate the anti-reward effects of dynorphin. Because hypocretin and dynorphin may also act at distinct circuits originating in the VTA, co-release of dynorphin and hypocretin may tune the output of the VTA by simultaneously inhibiting the BLA-projecting, and activating the NAc-projecting dopaminergic neurons and thus coordinate the activity of VTA dopaminergic neurons to drive motivated reward seeking behaviour.
Conclusions
The VTA contains a diverse population of dopaminergic, GABAergic and glutamatergic neurons. Subregions within
Figure 1
Input and output neurocircuits of projection-target defined VTA dopaminergic neurons. This schematic depicts a subset of the afferent inputs and the efferent outputs of VTA dopaminergic neurons. It also illustrates the specific properties of these neurons as revealed by electrophysiological recordings in retrograde labelled cells, pharmacological analysis and by selective optogenetic stimulation.
the VTA could possess functional specificity due to intrinsic electrophysiological characteristics as well as diversity in both the afferent inputs and efferent outputs of the VTA neuronal populations. Figure 1 illustrates the complexity in functional differences of the various afferents and efferents of VTA dopaminergic neurons. Because lAcbSh-projecting dopaminergic neurons exhibit larger I h currents and a longer, more hyperpolarized AHP than mPFC-, BLA-or mAcbSh-projecting dopaminergic neurons, these characteristics would restrict their firing to a lower frequency range (Lammel et al., 2008; Baimel et al., 2017) . Indeed, the spontaneous firing rate of lAcbSh-projecting dopaminergic neurons is slower, and these cells are less excitable than mPFC-, BLA-or mAcbSh-projecting dopaminergic neurons (Lammel et al., 2008; Baimel et al., 2017) . Therefore, these electrophysiological differences in excitability may contribute to their plasticity and dopaminergic output. The neuromodulatory actions of opioid peptides on VTA dopaminergic neurons are distinct with respect to the micro-circuits in which the VTA dopaminergic neurons are embedded. Agonists of μ receptors mainly act presynaptically on RMTg (Matsui et al., 2014) and ventral pallidal GABAergic inputs (Hjelmstad et al., 2013) . Whereas κ receptor agonists decrease the activity of the majority of mAcbSh-projecting and BLA-projecting dopaminergic neurons and a subset of lAcbSh-projecting dopaminergic neurons (Baimel et al., 2017) . The stimulation of κ receptors also suppresses the activity of mPFC projecting dopaminergic neurons and dopamine release into the mPFC (Margolis et al., 2006a) . Hypocretin co-released with dynorphin probably results in inhibition of BLA-projecting dopaminergic neurons and activation of those projecting to the lAcbSh, thus tuning the circuit in favour of rewardseeking. Because there are distinct anatomical regions within the VTA associated with each dopaminergic projection target, the site of the neuropeptide release will play a large role in the activity and output of dopaminergic neurons and the potential for synaptic plasticity. Taken together, the electrophysiological, anatomical and neuromodulatory complexity of dopaminergic neurons probably underlies the differences in salience (aversive events) or value (incentive motivation) coding of these neurons, underlying distinct behaviours.
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